Abstract: This paper introduces an adaptive guidance law for intercepting a maneuvering target using information from an imaging seeker. The relative missile-target kinematics is represented in the line-of-sight (LOS) frame and the image information -instead of the relative range -is introduced to formulate the interception problem as an adaptive control problem with an unknown control coefficient. Considering the target's acceleration as a timevarying bounded external disturbance, an estimator with an adaptive property is derived. It is proven that the proposed guidance law can guarantee the LOS angular rates global uniform ultimate boundedness during the terminal course. The effectiveness of the proposed guidance law has been demonstrated in simulations for two kinds of typical maneuvering targets.
Introduction
The guidance law as an application of control theory studies the relative kinematics between two flying vehicles and guides a tracker through changing its acceleration, such as a missile, to intercept a target. In practical implementations, the classical proportional navigation guidance (PNG) law, and its variants, are extensively used in tactical missiles since it is highly effective and its required information is easily obtained. PNG renders the missile normal acceleration proportional to the line-of-sight (LOS) rate [1] . However, a target can increase the miss distance by performing hard evasive maneuvers. In order to further reduce the miss distance, more advanced guidance laws have been developed, such as the augmented proportional navigation guidance (APNG) law [2] , the differential game-based guidance laws [3] , and the variable structure control (VSC) based guidance law [4, 5] . These advanced guidance laws typically require additional information, such as the relative range, closing velocity, the time-to-go or the target acceleration.
For seeker heads employing passive sensors, such as imaging sensors, one of the most challenging problems is the design of a vision-based guidance system that is capable of intercepting a maneuvering target using only visual -2 -information. The main difference between vision-based guidance and conventional ones, such as radar-based guidance, is the way in which the feedback signal is measured. Vision-based guidance can only use the information from imaging sensors, which involve a projection of a 3-D target onto a 2-D plane, consequently rendering the relative missile-target range unobservable without employing special types of maneuvers [6] [7] [8] . In order to overcome the observability problem in visual or bearings-only tracking, the Extended Kalman filter (EKF) or modified EKF have been used to extract the necessary information about the relative kinematics of the moving objects [9, 10] .
However, it has been proven that the EKF can converge reliably only for limited classes of deterministic systems.
Recent research has shown that one more angular measurement can be introduced to resolve the vision-based target tracking problem for unmanned aerial vehicles (UAVs). This additional angle can be extracted from image processing, namely the maximum angle subtended by the target in the image plane. Furthermore, this angle can be transformed to the target's image size, which can be used in the model to represent the unobservable target-missile relative range and the unknown target's geometric size [11] . In [12] [13] [14] , based on the angular measurement, the target tracking problem is formulated as a disturbance rejection/attenuation problem in the presence of unknown control coefficients and uncertain time-varying disturbances associated with unpredictable target dynamics.
For the control problem in the presence of unknown control coefficients and uncertain time-varying disturbances, an adaptive controller with an intelligent excitation signal is proposed in [12, 13] to guarantee the estimated parameters convergence as the tracking errors converge to zero. Furthermore, an adaptive control frame with an intelligent excitation as the reference input is introduced to solve the tracking problem. However, the special maneuvers required in [12] [13] [14] [15] , can disturb the normal operation of the aircraft, especially for the interception problem. [16] [17] [18] proposed a L 1 adaptive control architecture that ensures uniformly bounded transient and asymptotic tracking for the system's both signals, input and output, simultaneously. Some fuzzy-based and neural network-based control schemes have been developed to treat such an uncertain time-varying system. [19] designed an adaptive fuzzy-based robust H  controller and this intelligent robust tracking controller can be easily be implemented in uncertain robotic systems in the presence of high-degree uncertainties. In [20, 21] the changes in the system due to fault are modeled as unknown nonlinear functions and neural networks are employed to represent the completely unknown fault dynamics. Particularly, for a class of single-input-single-output (SISO) uncertain timevarying nonlinear systems with unknown control coefficients and time-varying disturbances, a solution is firstly -3 -given in [22] for first-order linear systems using Nussbaum functions. With the help of the backstepping design method that has eased the growth conditions on uncertainties, the Nussbaum functions can be used in the controller design for higher-order nonlinear systems in the parameter-strict-feedback form [23] [24] [25] [26] or nonlinear systems in the output-feedback form [27] . In [28] [29] [30] , a key technical lemma about the Nussbaum function is proven and based on the lemma a robust adaptive control scheme is proposed for time-varying uncertain nonlinear systems with unknown control coefficients. The controller doesn't require a priori knowledge of the signs of the unknown control coefficients, and unknown bounds of the disturbances are estimated on-line for improving the performance. This method is successfully applied to the autopilot design of time-varying uncertain ships [31] . Furthermore, combining the neural networks with Nussbaum functions, [32] presents a robust adaptive control for a class of nonlinearly parameterized time-varying uncertain systems.
The main objective of this work is to develop a guidance law to intercept a maneuvering target in 3-D space using the LOS angular rate and the target-size image from the imaging seeker. Throughout the paper it is assumed that the camera fixed on the seeker has an unrestricted field of view, or that the target never disappears from the seeker's field of view. It is also assumed that the image size measurement is available during the terminal course and the LOS angular rate can be extracted from the bearing-angle information. The target's acceleration is considered as a time-varying bounded external disturbance. The relative missile-target kinematics in this 3-D interception scenario is built in the LOS frame. Consequently, from the control theoretical point of view, this kinematics can be formulated as a nonlinear system with an uncertain control coefficient and unknown time-varying bounded external disturbances. However, for the relative kinematic model, although the nonlinear coupled items exist in both longitudinal and lateral subsystems, the coupled items can be obtained precisely based on the measurements. So the two subsystems can be viewed as two SISO systems. Using the recent research on robust adaptive controller for time-varying uncertain nonlinear systems with unknown control coefficients [28] [29] [30] , an adaptive guidance law is designed to intercept a maneuvering target. Global uniform ultimate boundedness of the LOS angular rate is guaranteed, which also guarantees the miss distance uniform ultimate boundedness.
The rest of the paper is organised as follows. Section 2 describes the problem under consideration. The guidance system structure is shown in section 3. In section 4 an adaptive guidance law with a state observer is proposed and the stability analysis is presented. Simulation results are presented in section 5 and section 6 concludes this work.
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Problem Formulation
The 3-D missile-target engagement is depicted in Fig. 1 , where a missile M, is attempting to intercept a moving target T, and T p is the target's projection onto the image plane. The missile and target are assumed to be point masses in order to easily analyse the kinematics. 
where the subscript s refers to the LOS frame, and r is the relative range.
Similarly, the current relative missile-to-target acceleration a can be written as: 
where  ω is represented by the cross-product matrix:
The relation between the LOS angular rate ω and the derivatives of the bearing angles
Substitution of Eq. (7) into Eq. (5) 
Since the focal length, i.e., the distance between the image plane and focal point, is negligible in comparison to the target distance in the interception scenario, the pin-hole model is utilised in this paper, which assumes that all light rays coming from the target focus through a single point (the focal point) onto the image plane. Let r s be the size of the target's characteristic size, and p s is its size in the image plane. The simple geometrical relation between the missile-to-target distance and the size of target on the image plane is:
where the missile-to-target distance ( r ) is time-varying unknown, the focal length of camera ( f ) is constant and 
In order to get the condition for successful interception, it is assumed that there is no relative missile-to-target acceleration. When the interception terminates, the zero-effort miss distance can be easily computed as the miss distance. Under this assumption, Eq. (12) can be simplified as: approximates the miss distance under certain assumptions, it can be used to explain the factors that affect the guidance precision. Eq. (13) shows that the missile will miss the target without any guidance commands. In addition, it is obvious that the smaller the relative range r is, the more difficult to steer the missile to intercept the target because the closing velocity r is negative.
Since in reality it is difficult to change the push force along the line-of-sight, the first part of Eq. (12) is not considered for terminal interception. In order to ensure a successful interception it is necessary to control missile's acceleration to nullify the LOS angular rate. The last two equations in Eq. (12) can be rewritten in a matrix form below: 3 System structure using the adaptive guidance law
As shown in Fig. 2 (15) can be provided by the detector, i.e., a camera fixed on the missile, which extracts the missile-target relative kinematics information, i.e., LOS angles and LOS angular rates, through processing the target's image series. An adaptive guidance law which consists of two subsystems, an adaptive estimation algorithm and a controller, is designed to achieve the intercepting object. The 
Observer Design
Since the parameter b and the external disturbance d are unknown, the following observer can be designed to give their estimates for the system in Eq. (15) .
Since the moving target is a mechanical system, subject to Newton's second law, its acceleration is bounded.
Assumption 1:
Therefore there exist constants d
where (20)- (21), the estimation error between the system state and the observer is bounded as follows:
where
Proof: Consider the following candidate Lyapunov function:
P is the positive definite solution of the
It follows from Eq. (15) and Eq. (20) that:
The derivative of the Lyapunov function along the trajectory of the system of Eq. (25) has the form: 
2 ( ) 2 (
Using the property 3) of the projection operator Eq. (17) and the projection based adaptation law Eq. (21): (27) and the following upper bound for V is obtained:
The 
Since ˆ(0) (0) xx  :
It follows from Eq. (33) 
Controller Design
Although the interception kinematics described by Eq. (12) is a coupled MIMO system, the coupled items between the longitudinal and lateral subsystems can be obtained precisely based on the measurements. So the relative kinematic model in Eq. (12) can be viewed as two SISO systems as considered in [28] [29] [30] . The system Eq. (17) is divided into two subsystems:
The adaptive guidance law is given by:
where i  is a positive constant parameter, ˆi d is the estimate of the external disturbance in Eq. (21), and 1, 2 i  .
Theorem 2:
The adaptive guidance law described by Eq. (37) with the state observer given by Eq. (20)- (21) guarantees the global uniform ultimate boundedness of the LOS angular rate by appropriately choosing the design constants.
Proof: Letî
Consider the following candidate Lyapunov function:
The time derivative of the Lyapunov function from the solution of Eq. (36) is: 
Concluding Remarks
An adaptive guidance law is proposed to solve the interception problem for a maneuvering target using the LOS angular rate and visual measurement. Although the measurement of the relative range is not available, it is shown that the image size of the target as the displacement of the relative range is used to develop a new description for the interception problem. To optimally estimate the unknown control coefficient and the unknown target's accelerations by using a state observer, the proposed adaptive guidance law can successfully guide the missile to intercept the maneuvering target. It has been proven that the proposed adaptive scheme can guarantee the global uniform ultimate boundedness of the LOS angular rate. The effectiveness of the proposed guidance law has been illustrated by the simulation results.
